| INTRODUC TI ON
Animal pigmentation patterns are known to have several functions, such as acting as camouflage and warning signs to, respectively, evade and deter predators, and attracting potential mates during courting. Among the most important roles of pigment cells in animals is the protection of skin from sunlight, including UV radiation.
Melanocytes, black pigment-producing cells found in mammals, birds, and reptiles, release pigment granules enclosed in melanosomes, specialized intracellular organelles, to stain neighboring keratinocytes (Wu & Hammer, 2014; Wu et al., 2012) . In contrast, the melanophores found in amphibians and fish do not release such granules or organelles to outside of the cell, but instead retain the melanin-containing melanosomes in the cell and stain the cell by spreading such melanosomes inside the cell. Melanophores are relatively large compared to other cells, possibly because they alone are responsible for effectively covering the skin.
While analyzing pattern formation mechanisms using zebrafish, our group and others (Eom & Parichy, 2017; Inoue, Kondo, Parichy, & Watanabe, 2014; Kelsh et al., 1996; Nusslein-Volhard & Singh, 2017; Yamanaka & Kondo, 2014) have frequently observed multinuclear pigment cells, including melanophores and xanthophores. However, how and when melanophore multinucleation occurs is largely unknown. In this work, we therefore assessed the behavior of melanophores and melanoblasts in vivo and in vitro.
| MATERIAL S AND ME THODS

| Fish
All experiments in this study were conducted in accordance with the guidelines and approved protocols for animal care and use (approval number: FBS-14-002-1) of Osaka University, Japan. Zebrafish In zebrafish, apart from mononuclear melanophores, bi-and trinuclear melanophores are frequently observed; however, the manner in which multinucleation of these cells occurs during fish development remains unknown. Here, we analyzed the processes underlying multinucleation of zebrafish melanophores. Transgenic zebrafish in which melanophore nuclei were labeled with a histone H2B-red fluorescent reporter protein were used to evaluate the distribution of mono-, bi-, and trinuclear melanophores in both the trunk and fin. Half of the melanophores examined were binuclear and approximately 1% were trinuclear. We compared cell size, cell motility, and survival rate between mono-and binuclear melanophores grown in a culture dish, and we found that cell size and survival rate were significantly larger in binuclear melanophores. We then analyzed the behavior of melanoblasts and melanophores from transgenic zebrafish using in vivo and in vitro live-cell imaging.
We detected division and differentiation of melanoblasts, as well as melanoblast nuclear division without subsequent cellular division. In addition, we observed cellular and nuclear division in melanophores, although these events were very infrequent in vitro. On the basis of our findings, we present a scheme for melanophore multinucleation in zebrafish.
K E Y W O R D S
cell nucleus division, cell-cell fusion, chromatophore, melanophore, zebrafish were obtained from the Tubingen stock center. Transgenic lines were generated using the pTol2 transposon vector system, as described previously. The mitfa promoter fragment was used to induce expression of H2BRFP or EGFPCAAX in melanoblasts and melanophores.
Fish were treated with epinephrine to aggregate the melanosomes in melanophores in order to be able to count the nuclei in these cells in live fish skin.
| Melanophore and melanoblast culture
Melanophores were isolated from fins of anesthetized fish. The fins were clipped manually using a surgical knife under a stereomicroscope. The fin clips were treated with trypsin solution, comprising 2.5 mg/ml trypsin (Worthington, Lakewood, NJ, USA), 1.2 mg/ml BSA (Sigma, St. Louis, MO, USA), and 1 mM EDTA (Wako, Osaka, Japan) in PBS, in a 2-ml tube for 15-30 min at 28°C. The trypsin solution was then removed, and the tissues were rinsed five times with PBS. Afterward, the fin clips were incubated with collagenase solution, consisting of 1 mg/mL collagenase I (Worthington), 0.1 mg/ ml DNase I (Worthington), 0.1 mg/ml soybean trypsin inhibitor (Worthington), 1.2 mg/ml BSA, and 100 nM epinephrine (Sigma) in PBS, for 1-1.5 hr at 28°C. The melanophores were picked up manually from the collagenase treatment solution using a glass capillary.
The melanophores were cultured overnight in L-15 medium (Sigma) without FBS, which was then replaced with L-15 containing 10% FBS (Sigma). For analysis of melanoblasts, anesthetized zebrafish embryos (7-14 days post-fertilization) harboring the mitfa promoter-H2BRFP transgene were homogenized by pipetting in collagenase solution, which comprised 1 mg/ml collagenase (Worthington) and 1.2 mg/ml BSA (Sigma) in PBS. The cells thus obtained were washed three times with PBS and cultured in a plastic dish containing L-15 medium with 10% FBS. Videos were recorded using an Olympus (Tokyo, Japan) IX81 or IX83 microscope system. Differences in cell size, cell motility, and survival rate between mono-and binuclear melanophores were evaluated from time-lapse images. Cell sizes were measured using ImageJ and subjected to statistical analysis with OriginPro (OriginLab, Northampton, MA, USA). Cell size was measured at 0, 24, and 48 hr, and average cell size was calculated.
Migration distances of melanophores were measured every 3 hr for 48 hr and total migration was estimated as the sum of the migration distances during the 48 hr. Melanophores that died during timelapse imaging were excluded from the evaluation of cell size and cell motility.
| RE SULTS
To visualize melanophore and melanoblast nuclei, we first gener- We observed mono-, bi-, and trinuclear melanophores in the zebrafish trunk and fin ( Figure 1a ). Cell counts revealed that half of the melanophores in both the trunk and fin were binuclear and approximately 1% were trinuclear (Figure 1b) . We then analyzed the sizes of mono-and binuclear melanophores isolated from fish fin tissue and cultured in dishes. As these cells are motile and vary in morphology, we used randomly chosen melanophores from several time-lapse images.
Measurement of cell size showed that binuclear melanophores were obviously larger than the mononuclear form ( Figure 1c ). We also compared cell motility between mono-and binuclear melanophores, and we found that both mono-and binuclear melanophores showed similar migration distances during 48 hr (Figure 1d ). Furthermore, using the same movies, we measured and compared the survival rate of mono-and binuclear melanophores during 48 hr. Ten out of 27 mononuclear melanophores, but only 10 out of 47 binuclear melanophores died during the 48-hr period, indicating that binuclear melanophores have a significantly higher survival rate than mononuclear melanophores ( Figure 1e ).
Next, we analyzed melanoblast and melanophore behavior. We Time-lapse images revealed melanoblast nuclear division followed by cellular division (Figure 2b and Supporting Information Video S1), as indicated by the red arrowheads in Figure 2b , which highlight a melanoblast. In Supporting Information Video S1, the melanoblast nucleus can be seen to divide at around 0:40, with the cell itself dividing at approximately 1:20. In a series of such experiments, we also observed melanoblast nuclear division that was not followed by cellular division (Figure 2c and Supporting Information Video S2).
At 0:20 in Supporting Information Video S2, nuclear division occurs (Figure 2c , middle row); however, cellular division appears to fail at 0:40 to 0:50, resulting in the generation of a binuclear melanoblast.
The cell was about to divide again at 7:50, but failed to do so, and this was not accompanied by nuclear division at this time. As depicted in Figure 2d and Supporting Information Video S3, we also detected the fusion of melanoblasts. The yellow arrowhead in this figure indicates EGFPCAAX-positive cells, which fuse at 2:30 to 3:00 in this series of time-lapse images. The detection of trinuclear melanophores (Figure 1a) supported the possibility that cell-cell fusion constitutes one of the events leading to multinucleation.
When we examined melanophore behavior in culture dishes in previous work, we found that a repulsive interaction exists between melanophores and xanthophores (Yamanaka & Kondo, 2015) .
In the present study, we observed melanophores undergoing cellular division (Figure 2e and Supporting Information Video S4) and nuclear division without cellular division (Figure 2f and Supporting Information Video S5). It is notable that we only detected one instance of melanophore cellular division and one of melanophore nuclear division, despite having analyzed more than 1000 melanophores in culture dishes by time-lapse imaging (Inaba, Yamanaka, & Kondo, 2012; Inoue et al., 2014; Yamanaka & Kondo, 2014 .
Our results imply that mature melanophores are capable of both nuclear and cellular division, although it is unclear whether these processes occur in vivo.
F I G U R E 3 A scheme illustrating melanophore multinucleation pathways. Three binucleation pathways, namely, melanoblast fusion and nuclear division in melanoblasts and melanophores, were identified
| D ISCUSS I ON
Multinuclear cells, examples of which can be found among cardiomyocytes (Senyo et al., 2013) , striated muscle cells (Maslow, 1969) , osteoclasts (Malone, Teitelbaum, Griffin, Senior, & Kahn, 1982) , hepatocytes (Dudas, Saile, El-Armouche, Aprigliano, & Ramadori, 2003) , megakaryocytes (Boll, 1981) , and trophoblasts (Klisch, Pfarrer, Schuler, Hoffmann, & Leiser, 1999) , are generally found in particular organs. Multinucleation in cardiomyocytes occurs by nuclear division upon injury of heart tissue, and megakaryocytes also undergo nuclear division to generate a multinuclear form. On the other hand, multinucleation of striated muscle cells, osteoclasts, and trophoblasts is brought about by cell-cell fusion. In hepatocytes, either pathway (cell-cell fusion or nuclear division) may lead to multinucleation (Hayashi et al., 2008) .
Among pigment cells, multinuclear forms of both normal melanocytes and malignant melanoma cells occur. Reactive oxygen species are known to trigger melanocyte multinucleation. This leads to melanocyte senescence, accompanied by DNA damage and increased expression of stem-cell marker genes, and this process has been found to generate a source of tumor-initiating cells (Leikam et al., 2015) . Nuclei in multinuclear melanocytes recovered from lentigo maligna specimens have been observed to be arranged around the cellular periphery (Cohen, 1996) . Multinucleation during melanophore development in zebrafish occurs actively, mainly in precursor cells. Furthermore, melanophore nuclei are localized in the central region of these cells. Thus, multinucleation of melanophores in zebrafish is not a pathological state, but rather has a functional role in organismal survival, perhaps owing to the ability of such multinuclear cells to increase in size to effectively cover the skin and/or produce a distinct pigmentation pattern. Indeed, multinuclear melanophores are larger than the mononuclear form and would therefore be of greater utility in forming the stripes characteristic of zebrafish skin. In addition, this study revealed that binuclear melanophores have a higher survival rate than mononuclear melanophores in vitro.
This finding suggests that controlling the multinucleation of melanophores/melanoblasts would allow control of melanophore survival in vivo, and this knowledge might be useful for melanoma cell removal.
In Figure 3 , we present a scheme outlining how and when melanophore multinucleation takes place in zebrafish. Our work shows that at least three pathways exist: melanoblast nuclear division, melanoblast fusion, and melanophore nuclear division. Nevertheless, questions concerning the manner in which cellular and nuclear division and cell-cell fusion are controlled remain unclear. Further investigation is required to address these points. 
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